Polycarbonate membranes (PCM) of various pores sizes (400, 200, 100 and 50 nm) were used as templates for gold deposition. The electrodeposition from gold ions resulted in the formation of gold nanotubes when large pores size PCMs (400 and 200 nm) were used. On the other hand, gold nanowires were predominant for the PCMs with smaller pores size (100 and 50 nm). Surfaceenhanced Raman scattering (SERS) from the probe molecule 4-mercaptopyridine (4-MPy) was obtained from all these nanostructures. The SERS efficiency of the substrates produced using the PCM templates were compared to two commonly used SERS platforms: a roughened gold electrode and gold nanostructures electrodeposited through organized polystyrene spheres (PSS). The SERS signal of the probe molecule increased as the pore diameter of the PCM template decreased. Moreover, the SERS efficiency from the nanostructures produced using 50 nm PCM templates was four and two times better than the signal from the roughened gold electrode and the PSS template, respectively. The SERS substrates prepared using PCM templates were more homogenous over a larger area (ca. 1 cm 2 ), presented better spatial and sample to sample reproducibility than the other substrates. These results show that SERS substrates prepared using PCM templates are promising for the fabrication of planar SERS platforms for analytical/bioanalytical applications.
INTRODUCTION
Surface-enhanced Raman scattering (SERS) is a wellestablished technique for the characterization of analytes adsorbed on metallic surfaces. 1 The recent development of synthetic and nanofabrication methods has led to the preparation of a wide range of "SERS substrates" (metallic nanostructures that support SERS). 2 The perennial "reproducibility problem" of the SERS substrates is gradually being tamed. Commercial chips for SERS 3 have been developed and used in biochemical applications. 4 Portable Raman systems integrated with a SERS-based sensor has the potential to become an important technology for on site analysis of traces. 5 The geometric parameters of the SERS substrates allow the excitation of surface plasmon resonances that are directly related to the efficiency of the surfaceenhancement. Hence, there is an ongoing substantial effort * Authors to whom correspondence should be addressed.
aiming at the design of easily fabricated SERS substrates with optimized geometries, that offers both high reproducibility and low detection limits.
Several approaches for the substrate preparation have been pursued. 6 Aggregated metallic colloids, 7 electrochemically roughened electrode surfaces, 8 and metal films vapour-deposited on glass 9 10 were among the first structures to support SERS. Although some of these earlier substrates present extremely high enhancing capabilities, 7 11 these are localized at very small regions, leading to a strong spatial variation of the enhancement factor. Moreover, the random distribution of the nanofeatures results in poor sample-to-sample reproducibility. Alternatively, SERS substrates can be prepared by the reduction of silver species by UV light instead of electrochemistry, 12 with the advantage that the technique can be implemented lithographically. Oblique angle deposition (OAD) is an interesting alternative to the direct deposition of metal islands. area (a few cm 2 ) with good spatial and sample-to-sample reproducibility. 15 The metal vapour deposition of silver on the etched tip of photonic fibers 16 and commercial fiber optics imaging bundles 17 yielded very interesting SERS substrate. The later support the smallest spatial variation ever reported (2%). 17 Another avenue for the preparation of SERS substrates is the immobilization of metallic nanoparticles on flat surfaces. The self-assembled nanoparticles may interact to the surfaces via chemical linkages 18 or by electrostatic forces. 19 Control over the nanoparticles geometry, 20 nature of the linker 21 and number of depositions 18 offers several handles to tune the SERS efficiency of the resulting structure. The substrate prepared by Langmuir-Blodgett deposition of silver nanowires is a good example of a self-assembled substrate with homogenous coverage over a large surface area and good enhancement capabilities. 22 Focused ion beam (FIB) milling, 23 and electron beam lithography (EBL) 24 25 have all been used as top-down alternatives for SERS substrate preparation. The use of nanolithography (EBL and FIB) offers a great deal of control over the morphology of the individual nanofeatures and their spacing within an array. [26] [27] [28] This approach also leads to highly reproducible substrates, but the serial character of these methods precludes their mass production. Moreover, the footprint of the patterned area of arrays prepared by EBL and FIB is generally small (order of 30 × 30 m). An attempt to address these limitations, where the EBL pattern is captured by an elastomer by nano-transfer printing, was recently suggested. 29 Nanoimprint lithography also seems a viable alternative for the preparation of large area arrays of metallic nanoparticles for SERS applications. This approach offers the opportunity for an added control over the particle shape, which is important for the preparation of arrays with optimized enhancement factors. 30 31 The template fabrication of nanostructures is another promising area that has been widely explored by SERS researchers in the last few years. For instance, nanoparticle arrays fabricated by nanosphere lithography (NSL) are a fine example of a well-developed SERS substrate that fulfills the reproducibility and sensitivity requirements for practical applications. 32 Colloidal crystal templates have been used to produce a porous 3-D metallic network that support strong SERS and provides a 20% sample-to-sample reproducibility. 33 The fabrication protocols for NSL and the colloidal template approach, however, requires a selfassembly step which limits the size of the patterned area. Hard templates, such as porous membranes, would overcome this problem. Several attempts to generate SERS substrates using porous aluminum oxide templates have been described, demonstrating that the hard template approach is promising to the fabrication of a large area, homogeneous, SERS substrate. [34] [35] [36] [37] In this work, we report on new template-grown metallic nanostructures for SERS fabricated using porous polycarbonate membranes (PCMs). Metal deposition using PCM templates has been described earlier. 38 39 The resulting nanostructures were applied as electrochemical sensors, 40 41 and as substrate for metal-enhanced fluorescence. 42 To the best of our knowledge, no work on the application of metal deposited through PCM membranes as SERS substrates has been reported. These membranes are available commercially with different pores sizes, allowing tunability of the geometrical parameters of the substrates. Moreover, the PCMs are cheap and provide a homogeneous distribution of nanostructures over a large surface area. The metallic nanostructures were fabricated by the electroreduction of gold ions through the pores of the PCMs. The SERS response of this new class of substrate was compared to two other SERS substrates: an electrochemically roughened gold electrode; and gold nanostructures obtained by using organized polystyrene spheres (PSS) as templates.
EXPERIMENTAL DETAILS

SERS Substrates
Gold Deposition Using PCMs as Templates
PCMs from Sterlitech, with pores diameters of 50, 100, 200, and 400 nm were used as templates. A 500 nm gold thin film was sputtered at one side of the membrane for electrical contact. A double-sided copper tape was used to attach the gold-coated side of the membrane to a gold electrode. The other side of the PCM (without the gold film) was exposed to a working solution for the galvanostatic electrodeposition of gold (1 mA cm −2 for 700 s). The working solution was 12 g L −1 HAuCl 4 , 5 g L −1 EDTA, 160 g L −1 Na 2 SO 3 , and 30 g L −1 K 2 HPO 4 . 43 The PCM was dissolved with dichloromethane after the gold deposition.
The galvanostatic deposition and the oxidation-reduction cycles were performed using potentiostat-galvanostats EG&G models PAR-263A and PAR-273, respectively.
Roughened Gold Electrode
The gold electrode was activated in 0.1 mol L −1 KCl aqueous solution using a standard three electrodes electrochemical cell. The activation procedure consisted of 25 oxidation-reduction cycles (ORC), at 100 mV · s −1 (j ox = 16 mA cm −2 ). The electrode was then rinsed and transferred to the spectroelectrochemical cell for the SERS measurements.
Gold Deposition Using Polystyrene Spheres (PSS) Template
The procedure for the preparation of the SERS substrate using PSS templates was based on previous descriptions in the literature. 44 template for electroreduction of gold ions in the interstices of the spheres. The composition of the working solution used for the deposition was the same as for the PCM template. The best SERS signal was obtained when 500 nm diameter PSS was used. The polymer was dissolved with tetrahydrofuran after the gold deposition. The PSS template approach used here was similar to the one applied for NSL fabrication, 32 but the metal deposition was done electrochemically instead.
SEM Images
The scanning electron microscopy (SEM) images were from a JEOL JSM-7401 F-Field Emission Gun Scanning Electron Microscope (FEG-SEM) and from a JEOL low vacuum scanning electron microscope (JSM-5900LV).
SERS Spectra
SERS spectra were obtained on a Renishaw Raman Imaging Microscope System 3000 with 632.8 nm excitation (Coherent), with laser power of 4.2 mW on the sample, which was constant over all the experiments. The 50× (0.55 NA) long working distance objective lens allowed a spatial resolution of about 2 m. The laser focus was manually controlled and it was checked before each measurement. Each measurement took ca. 35 s, and this time was too short to allow any change in focus that would affect the measured intensity. The probe molecule for the SERS performance of the different substrates was 4-mercaptopyridine (4-MPy, from Aldrich). The substrates were immersed in a 10 mmol L −1 aqueous solution of freshly recrystallized 4-Mpy prior to the SERS measurements, and the spectra were obtained with a thin film of the solution at the top of the gold surface. This procedure minimizes changes in the surface by laser heating. 4-Mpy is known to self assemble on gold surface by attaching through the sulfur group. Therefore, a self-assembled monolayer of the thiol is expected to homogeneously cover the nanostructures. It should be stressed that the 4-Mpy concentration employed in this work is far greater than the 5 × 10 −5 mol L −1 necessary for the formation of a monolayer of the molecule on Ag, as determined by Taniguchi et al. using atomic-resolution STM. 46 The measurements of all substrates were done using the same spectroscopic cell (described elsewhere 47 ). Figure 1 shows the SEM images of both the roughened gold electrode and the substrate prepared using the PSS template. The roughened gold electrode has larger nanostructure size dispersion than the other SERS substrates investigated. The PSS template resulted in gold structures interconnected following the interstices left by the contacting 500 nm spheres. The SEM images of the PCM templates with several pore diameters are presented in Figure 2 . It can be seen that the membranes show some porous size distribution. The diameter dispersion of the porous membranes is a consequence of the fabrication method; this involves irradiation with energetic heavy ions and UV light followed by etching with NaOH aqueous solution at 70 C for different times, 48 which determines the pore diameter. The typical measured pore diameter dispersion for this kind of fabrication process is ca. 10%. 48a This dispersion should reflect in the size distribution of the nanostructures obtained by electrodeposition.
RESULTS AND DISCUSSION
The SEM images of the gold nanostructures fabricated by electrodeposition using the PCM templates with different pores sizes are presented in Figure 3 . It can be seen from Figures 3(A) and (B) that a homogeneous distribution of gold nanotubes was obtained when the membranes with 400 and 200 nm pore diameters were used. The gold nanotubes remained attached to the smooth gold film after the dissolution of the template. On the other hand, gold nanowires were formed when membranes with 100 and 50 nm pore diameter (Figs. 3(C) and (D), respectively) were used as template for the electrodeposition. Another aspect that can be noticed in Figure 3 is that the nanowires produced using the 50 nm PCM present a larger degree of aggregation that led to some detachment of a few wires from the gold film. Electrodeposition of metal nanotubes on PCMs has been observed earlier. 49 A proposed deposition mechanism involves the preferential adsorption of the initially deposited metal on the junction between the bottom electrode and the PCM wall. When high electrodeposition currents are employed, the vertical deposition is preferred to the horizontal growth, leading to nanotube formation. 50 The current density necessary for the formation of nanotubes instead of nanowires strongly depends on the pore diameter; i.e., the current density required for nanotubes formation increases as the pore diameter decreases. In our work, the experimental conditions for the synthesis (same current density and deposition time for membranes with different pore diameters) led to the particular diffusion regime through the membranes where the gold deposition was preferentially at the pore walls resulting in the formation of gold nanotubes for the 400 and 200 nm, while nanowires were preferentially formed for the 100 and 50 nm pore diameters. Since the same galvanostatic conditions were used in all experiments, thinner and longer nanowires were expected for the 50 nm PCM membrane. These longer nanowires collapsed, as seen in Figure 3(D) , after the membrane dissolution. Figure 4 presents low magnification SEM images of the SERS substrates prepared using the PCM and the PSS templates. The PCM template led to a larger homogeneous area covered with the nanostructures than the PSS template. This is because the template deposition using PSS templates demands a self-assembly step, which turn difficult to obtain organized surfaces in areas beyond 20 × 20 m 2 . Similar limitation is found in substrates prepared by NSL. 32 Nanofabricated substrates by EBL and FIB also presented patterning over a limited area. [23] [24] [25] [26] [27] [28] The larger homogeneity of the nanostructures fabricated using PCM templates is comparable to other templatebased substrates [34] [35] [36] [37] and organized substrates fabricated by nanoimprinting. 30 31 The large area homogeneity can be a significant advantage for the development of analytical platforms based on SERS.
The SERS spectra of the probe molecule 4-mercaptopyridine (4-Mpy-from Aldrich) adsorbed on the gold nanostructures prepared using the PCM template method were obtained. The band at ca. 1000 cm −1 , assigned to the ring breathing mode of the pyridine ring of 4-Mpy, from all substrates is presented in Figure 5 . The same intensity scale is used to allow a direct comparison between the SERS-efficiency of the substrates. Using PCM as Template for the Preparation of Au Nanostructures for SERS prepared by the electrodeposition of gold through a selfassembled PSS template. The SERS from the electrochemically roughened gold electrode was the least reproducible and presented broad bands that can be correlated to a distribution of species and adsorption modes. SEM images showed ( Fig. 1(A) ) a broad distribution of sizes, consistent with a large spatial variation (more than 50%) of the SERS signal. The strongest 4-Mpy SERS from the roughened gold electrode is comparable to that obtained from gold nanotubes fabricated using PCM templates with 400 nm pore diameter. The best SERS from substrates prepared using PSS template is ca. 2 times greater than that obtained with the roughened gold electrode and comparable to the one from gold nanotubes fabricated using PCM templates with 200 nm pore diameter. The SERS efficiency of the probe molecule from the gold nanostructures increased as the pore diameter of the PCM template diminished, as illustrated in Figure 5 . In fact, the SERS from the gold nanowires fabricated using 50 nm PCM template was around 4 times higher than that obtained from a roughened gold electrode. A simple estimative of the surface areas of the nanostructures relative to a smooth surface was carried out using the SEM images (Fig. 3) . The maximum variation in surface area among the PCM nanostructures was about 50%. Therefore, the changes in surface area alone cannot account for the trend in SERS intensities. Moreover, the observed trend is in qualitative agreement with literature results from other kinds of anisotropic substrates, such as nanowires grown from porous alumina templates. 51 The experiments with nanowires indicated that the localization of the electric field around the metallic structure is higher for a structure with diameter of the order of 50 nm than for a structure that has ca. 400 nm diameter.
Typically, SERS substrates that are claimed to be of excellent quality in the literature have average enhancement factor (EF) of the order of 10 7 . 44 52 An estimation of the EF for the substrates studied in this work, based on the method proposed by Cai et al., 53 were performed. The calculated average EF for the PCM templates were 1 3×10 7 , 8 2×10 6 , 5 6×10 6 , and 3 3×10 6 for pore diameters equal to 50, 100, 200, and 400 nm, respectively. The calculated EF for the PSS template was 7 1 × 10 6 and for the ORC activated electrode was 3 7 × 10 6 . The resulting EFs indicate that the best PCM substrates prepared in this work present similar SERS performance than other substrates considered being of excellent quality in the literature.
The spatial variations of the SERS signal from all substrates were measured and are presented as error bar at the maximum of the peaks in Figure 5 . The spatial variation for the PCM template substrates was between 8 to 15%, against a spatial variation of ca. 25% for the PSS template (15 spectra from randomly chosen surface spots were taken from each sample). Note that while the PCM template yielded a homogenous coverage over a large area (more than 1 cm 2 ), the PSS template resulted only patterned patches (ca. 20 × 20 m 2 ) (Fig. 4) . The spatial variation for the PCM templates was similar to the values obtained from substrates prepared by oblique angle deposition. 15 The sample-to-sample reproducibility (from a population of 4 samples from each substrate) of the SERS signal from the 100 and 50 nm PCM template substrates was about 10%, and from the PSS template was ca. 20%. These values are within the range observed for templatebased SERS substrates. 33 
CONCLUSION
In summary, the SERS substrates prepared using PCM templates presented higher stability, homogeneous surface distribution, and larger SERS enhancement than two types of known SERS substrates: the nanostructures electrodeposited through a PSS template and roughened gold electrodes activated by ORC. Moreover, the PCM template approach does not require previous self-assembly, and the preparation procedure is straightforward. The EF estimated for the 50 nm diameter PCM template were ca. 1 × 10 7 , which is close to other excellent quality SERS substrates described in the literature. 44 52 The direct comparison of the SERS performance of the PCM, PSS and ORC activated substrates is useful in providing directives for the construction of optimized SERS platforms for a given experimental condition (laser excitation and detection). This approach should be important for the development of substrates for practical applications, such as in analytical chemistry. In the present work, it is demonstrated that the most SERS efficient of the three substrate construction strategies was the PCM template with 50 nm pore diameter.
The new substrates presented here also allow a more uniform spatial distribution of SERS intensities from a probe molecule than the other substrates investigated. This new class of substrate compares well with other templatebased SERS platforms described in the literature and it has the potential to offer a viable approach to the fabrication of a large area SERS substrate. Following this preliminary demonstration of the potential of this substrate for SERS, our group is undertaking a comprehensive systematic investigation on the synthesis parameters to further optimize its SERS performance. 
